Introduction
In this paper I document and criticize the evolution of specific chemical methods used to determine the location of agricultural field systems, which provided maize to Pre-Columbian Native Americans that once occupied Chaco Canyon, New Mexico. The chemical methods have been outlined in several previously published papers (Benson, 2010; Benson et al., 2003 Benson et al., , 2006b Benson et al., , 2008 Benson et al., , 2010 Sr/ 86 Sr, to the sourcing of organic archaeological materials. Lastly, I indicate the possible source areas of archaeological maize cobs found in Chaco Canyon and Aztec Ruins, New Mexico. Movement of basic materials including foodstuffs over substantial distances argues for a certain level of socio-economic organization and the presence of regional rather than just local control. Knowledge of where archaeological cobs found in Chaco Canyon were grown provides some insight as to the nature of socioeconomic organization before and after the near abandonment of Chaco during the middle-12th-century drought.
Archaeological background

2
Chaco Canyon, New Mexico, now included within the Chaco Culture National Historical Park in the central San Juan Basin (Fig. 1) , was once the political center of a vast region populated by Pre-Columbian Southwestern Native Americans. Between A.D. 860 and 1130, 12 great houses were constructed within Chaco Canyon (Fig. 2) . Pueblo Bonito was one of three great houses whose initial construction occurred between A.D. 860 and A.D. 900 and whose final construction phase terminated at A.D. 1129 ( Fig. 3) (Windes, 2003) . Between A.D. 1040 and A.D. 1130, Chaco Canyon flourished; a massive construction episode occurred at both new and old great houses, and a great deal of labor was invested in the construction and formalization of ritual-related landscape features such as great kivas, mounds, and engineered roads (Sebastian, 2006) .
Over 200 smaller great houses were constructed within an 88,000 km 2 area surrounding Chaco Canyon (Fig. 4) . Most of these satellite great houses, as well as those in Chaco Canyon, were abandoned shortly after A.D. 1130 during the start of a 30-year-long megadrought (Fig. 5 ) (see, e.g., Dean and van West, 2002; Benson et al., 2007; Benson and Berry, 2009; and Berry and Benson, 2010 for discussions of megadroughts that occurred in the Southwest between A.D. 900 and 1400). The ritual/political relation of these outlier great houses to those in the Canyon remains a subject of conjecture; for example, to quote Judge and Cordell, 2006 "Did the Chacoan polity arise from chiefly power gained by, or based on, the accumulation of wealth, tending toward more coercive leadership, or did it arise from priestly authority acquired through, or based on, the effectiveness of esoteric ritual, tending toward more cooperative leadership?" We will probably never know the exact nature of the ties/forces which held the overall Chacoan region together because written records do not exist and because the information embedded in archaeological objects and structures is severely limited in terms of content. Judge (1979) suggested a cultural model in which the Chacoan elite governed subsistence throughout the study area, initially suggesting that Chaco functioned as a redistribution center for maize. Judge (1989) , however, later modified his redistribution model. In the modified model, formal pilgrimages developed during the Classic Bonito phase (A.D. 1020e1100), during which time goods, including maize, were transported to Chaco from outlying villages and consumed in ritual feasts presumably hosted by Chacoan elites. Incorporated within Judge's (1989) model is the concept that Chaco was essentially a "vacant city" and that the multi-roomed great houses were constructed largely to Fig. 1 . Soil sample locations in the 14 archaeological regions within the study area. LP, AR, SR, GB, PP, and RW refer, respectively, to the La Plata River site, Aztec Ruin, Salmon Ruin, Great Bend, Pueblo Pintado, and Raton Wells sites. N, BC, and P refer, respectively, to the Nutria, Bear Canyon, and Pescado field systems in Zuni. White dots indicate locations of water samples and black dots indicate locations of soil samples. White squares indicate locations of soil samples collected from the Zuni reservation. The San Juan Basin is a geologic structural basin.
accommodate the influx of people from outside Chaco who participated in the formal pilgrimages. Judge's models imply that most of the maize consumed within Chaco was grown outside Chaco and that the full-time residential population of Chaco was relatively small. Pueblo Bonito, for example, had upwards of 800 rooms, yet its peak occupancy never exceeded 100 individuals (Bernardini, 1999; Windes, 1984) .
There are several risk factors associated with dryland maize production within the study area chief among which is the highly variable convective activity (thunderstorms) associated with the summer monsoon. This leads to great spatial variability in the amount (if any) of summer precipitation received at any particular site (Adams and Comrie, 1997) . One way prehistoric Southwestern Native Americans may have responded to the spatial variability of summer precipitation was to spread over the landscape in such a way that at least some groups would receive adequate summer precipitation for the cultivation of maize during a "normal" year (yr). In fact, one of the principal methods in locating Chacoan community centers in the San Juan Basin (Marshall et al., 1979) involved the location of small "green" areas in the Basin, using false-image Landsat photos (John Stein, personal communication, 2009 ). The spatial distribution of great houses and their attendant villages prior to 1130 A.D. (see Fig. 4 ) supports the existence of such a strategy.
When compared to other archaeological regions within the study area, the agricultural productivity of Chaco Canyon is poor; i.e., Chaco tends to be excessively dry and cold and its soils are too organic-N poor to support abundant maize production (Benson, 2011b) . The conclusions in Benson (2011b) are based on modern climate and soil data sets and may be argued to be unrepresentative of prehistoric conditions. In fact, Chaco's precipitation, during the past 60 yr has averaged 22.4 cm/yr (median ¼ 21.7 cm/yr) ( Table 1 in Benson, 2011b) , whereas the average tree-ring-based reconstructed precipitation for the previous 1290 yrs is 22.6 cm/ yr (median ¼ 22.7 cm/yr) ( Fig. 11c in Benson et al., 2007 , in which Chaco precipitation should have been labeled inches not cm). Although prehistoric temperature records for Chaco Canyon do not exist, we would expect that temperatures and, hence, growing season length would, on average, have increased during the historical period due to global and, in particular, Southwestern climate warming. In addition, Chaco Canyon soils have had hundreds of years to recover from the prehistoric production of maize. Thus modern climate and soil data sets should be generally representative of prehistoric environments. As Benson (2011b) has shown, Chaco Canyon historically has received, on average, 22.4 cm of annual precipitation and 10.5 cm of summer (June, July, August, September) precipitation, whereas 30 cm/yr and 15 cm/summer are considered the lower limits for modern dryland maize production in the Northern Hemisphere (Shaw, 1988) . For Chaco Canyon, a very few annual and summer rains exceed the minimum precipitation requirements during the historical period (Table 1 in Benson, 2011b) , indicating the low probability of raising a productive maize crop. Tree-ring-based reconstructions of prehistoric summer precipitation are nonexistent; however, only 2.2% of the time between A.D. 810 and A.D. 1950 did reconstructed annual precipitation exceed 30 cm. Not only is precipitation a problem for Chaco Canyon, its floodplain soils are saline (Fig. 17B in Benson, 2011b) and its soil pH values are well above optimal values, Benson et al. (2006b) study; all other soil sites sampled in Benson et al. (2003) study. Well-water and surface-water site abbreviations: CCNW#1 (Casa Chiquita well northwest), SE#1 (Casa Chiquita well southeast, CW2 (Chaco Wash), CTR03-2b (fifth canyon northwest of Visitor Center), CTR03-1b (fourth Canyon northwest of Visitor Center), HMM#1 (historic masonry well middle), HMW#1 (historic masonry well west), HME#1 (historic masonry well east), FVS#1 (Fajada View well south), FW (Fajada Wash water). Gallo Cliff Dwelling (GCD) and BC 236 site locations also indicated.
which limits P availability and organic-N mineralization rates. In addition, historically about half of the growing seasons at Chaco did not exceed 120 freeze-free days, and one-third of the growing seasons did not exceed 1000 growing degree days (Benson et al., 2011b) , which indicates that solar radiation also limits maize productivity at Chaco. While none of these arguments prove that maize could not have been grown in Chaco Canyon in times past, tree-ring-based values of prehistoric annual precipitation and the general unreliability of summer monsoon rains suggest that Chaco was a very risky place to grow abundant maize. In terms of the early historic period, the words of Marietta Wetherill, regarding the growth of maize in the Canyon, should be remembered "In the last Large open circles indicate locations of tree-ring data sets; medium black circles indicate cuttingdate site clusters; small black circles indicate single cutting-date sites. Heavy black line outlines the Colorado Plateau. b, Mean of six normalized tree-ring precipitation records for the period A.D. 900e1400 from sites within and at the periphery of the San Juan Basin compared with c, the distribution of tree-ring cutting dates in the study area. Black values indicate "death dates" and white values indicate "v" dates that are a few years younger than the actual death date. Three megadroughts (D2eD4) have been colored light gray; two extended wet periods (W1eW2) have been colored dark gray. P stands for Pueblo period. Vertical arrows point to times of maximum wetness that correlate with maximum cutting numbers. (Windes, 2003) .
sixteen years, there have been only two good crops" (Huntington, 1914) .
These facts support Judge's (1979 Judge's ( , 1989 arguments that maize was imported to feed those attending pilgrimage fairs, which leads us to one of the topics discussed in this review; i.e., where was the maize grown that was consumed by those that resided in or visited Chaco Canyon?
One area where maize may have been grown is the Chuska slope, which is located in the far western part of the "Chaco Corridor" as redefined by Benson (2011a) . To avoid confusion between Doyel et al's (1984) usage of the term "Chaco Halo" and Benson's (2011a) adoption of the same term for a different geographic area, I will use the term "Rio Chaco Corridor" to redefine the region along the Rio Chaco that extends from the Chuska Mountains on the west to Raton Wells on the east. This region encompasses those great houses and villages from the Great Bend of the Rio Chaco on the west 120 km to Pueblo Pintado on the east as well as those villages and great houses found on the Chuska Slope. In Fig. 1 , the Chuska Slope and Upper Rio Chaco soil sampling areas, as well as the land between the two areas, comprise most of the Chaco Corridor. Many of the great houses at the base of the Chuskas, including Newcomb, Skunk Springs, Standing Rock, and Muddy Water were contemporary with Chaco Canyon great houses (Fowler and Stein, 1992; Marshall et al., 1979) .
The Chaco Halo, as defined by Doyel et al. (1984) , encircled settlements adjacent to Chaco Canyon that were thought to have served as agricultural production centers. The Chaco Halo is an ellipse centered on the Chetro Ketl great house. The 25-km longaxis of the ellipse parallels the Canyon; the short axis of the ellipse is w12 km in length.
I suggest that the agricultural production necessary for the subsistence of those living in Chaco Canyon and as well as those coming to the Canyon to feast was supplied by population centers that lay along the Upper Rio Chaco Corridor, especially that part of the corridor that lies between the confluence of the Rio Chaco and Escavada Wash on the east and the base of the Chuska Mountains on the west.
A variety of materials were transported from the Chuskas to Chaco (Fig. 1) . Several great houses exist along that corridor, including Great Bend, Sanostee, Escalon, Willow Canyon, Lake Valley, and Casa del Rio, which may have provided way stations for those journeying to Chaco. Many of the more than 200,000 timbers used in the construction of Chacoan great houses came from the Chuskas (English et al., 2001 ). In addition, the Chuskas were a source of high-quality Narbona Pass chert used to make flaked stone tools (Cameron, 2001 ) and also were a source of large quantities of Chaco's pottery, for example, gray ware (Toll, 1991and references therein). Friedman et al. (2003) have documented the existence of three ancient (but undated) agricultural field systems on the Chuska Slope near the present location of Newcomb, New Mexico. One of the Newcomb field systems has 74 km of main ditches, is 6.9 km long, 2.8 km wide, and covers an area of 8.0 km 2 (w2000 acres).
Today rural Mesoamericans consume between 95 and 161 kg of dried maize in a year (940e1590 kcal/day) (Stuart, 1990) . If the 8.0 km 2 Newcomb field produced 5 bushels (127 kg) of maize per acre, it would have yielded a total 254,000 kg of maize/yr. This single field system could, therefore, supply the annual maize requirement of between 1600 and 2700 Pre-Columbian individuals and may have, in combination with the other two Newcomb fields, functioned as the prehistoric breadbasket of the Chaco Canyon community.
Agricultural support of the inhabitants of Chaco Canyon probably differed before and after the Collapse of the Chacoan world. In the following, two time periods will be considered. From the time of the initial construction of Pueblo Bonito (A.D. 860) until the beginning of the middle-twelfth-century megadrought (A.D. 1130), populations expanded across the study area. This was a time when people outside the Canyon may have visited Chaco for ritual feasting. Windes (1984) and Lekson (1986) Benson, 2011a,b; Benson et al., 2006b) .
The second period of interest occurred between the beginning of the mid-twelfth-century megadrought (A.D. 1130) and the beginning of the late-thirteenth-century megadrought (A.D. 1270). Shortly before A.D. 1130, the Chaco Canyon elite are thought to have moved north to Aztec Ruins (Fig. 1) where they established a new political center (Morris, 1921) . Chacoans also may have migrated south to the Zuni region during the early 1100s (Kintigh et al., 2004) . In any case, after A.D. 1130, only a small population occupied Chaco Canyon. The construction activities of these "squatters" indicate a return to small domestic units and small-house architecture and involved the widespread reuse of great house building stone and timbers (Toll, 1985; Windes, 2003) . Given their small numbers, and the collapse of the Chacoan political system, one might expect that after A.D. 1130 the residents of the Canyon would have depended on the cultivation of maize in nearby field settings.
Methods and strategies used to source archaeological maize cobs
Over the past seven years, my colleagues and I have attempted to link archaeological cobs to the fields in which they were grown using three geochemical approaches: (1) Sr isotopes, (2) the partitioning of trace metals between soil water and cob, and (3) Pb isotopes. Each geochemical approach requires extraction of biologically available trace metals (for example Sr, Pb) present in agricultural soil waters. Such trace metals can be obtained from the bones of mammals with different home ranges (for example, mice, rabbits, deer), from plants (especially those with rooting depths similar to the rooting depth of corn [<1.5 m]), and from soil water.
Because we wished to test whether corn cobs incorporated some trace-metal pairs in a systematic fashion, we elected to work with soil waters from potential agricultural field systems. However, we did not want to go through the time-consuming process of collecting natural soil waters, using lysimeters or other waterextraction apparatus; therefore, we created synthetic soil waters by leaching the soils with a weak acid.
Extraction of Sr isotopes from soils and cobs: early approaches
In Benson et al. (2003) , we first tested the ability of synthetic soil water to duplicate the 87 Sr/ 86 Sr ratios of maize cobs grown in those soils. Synthetic soil water that is truly representative of natural soil water is one that contains the same ratio of bioavailable metals and isotopes found in the natural soil water. In the semi-arid American Southwest, bioavailable soil-water metals are thought to mostly reside in soluble carbonate minerals and on ion-exchange sites in expandable clays. In order to extract Sr from these two sources and to avoid extracting Sr from more refractory mineral sources (such as aluminosilicates) we experimented with weak-and dilute-acid soil leaches. Hopi Blue maize grown in experimental gardens at the Crow Canyon Archaeological Research Center at Cortez, Colorado, (Hovezak, 1993) and the New Mexico State University Agricultural Science Center at Los Lunas, New Mexico (Muenchrath, 1995) were obtained from archival collections along with samples of the soil in which they grew.
Synthetic soil waters were produced by leaching soils with 1% nitric acid or 1-M acetic acid, and the cobs were ashed and dissolved in 3-N nitric acid prior to chemical analysis. The results of this experiment indicated excellent agreement between the 87 Sr/ 86 Sr ratios of the synthetic soil waters and the cobs grown from those soils (Fig. 6 ). Therefore, an acetic-acid leach was used in all subsequent research; i.e., in order to produce synthetic soil waters, soils collected in all studies that followed were air dried, homogenized, and a 5-g subsample of each soil was leached for 48 h with constant agitation using 500 ml of 1-M acetic acid prepared from distillation-purified glacial-acetic acid. These samples were sequentially filtered through 0.4-and 0.1-mm pore-size membrane filters prior to chemical analysis.
Cob processing prior to isotopic analysis was accomplished using the following procedure (Benson et al., 2003) . The center 4 cm of each cob was removed using a titanium knife. To remove mineral contaminants, the kernels and cupules were physically removed using a titanium or ceramic knife, discarded, and the remaining cob was cut into small pieces, homogenized, and freeze dried. A 0.9-to 4.2-g subsample was transferred to a clean platinum crucible for dry ashing in a muffle furnace. Ashing was accomplished by ramping the temperature of the furnace in 50 C increments every 30 min from a starting temperature of 100 C to a final temperature of 450 C at which temperature the sample was kept for 16 h. After cooling to room temperature, the sample was transferred to a small Teflon vessel to which 2 ml of DI water, 0.5 ml of high-purity concentrated HNO 3 , 1.5 ml of high-purity HCl, and 1 ml of HF acid were added. This solution was then evaporated to dryness on a sand bath. The residue was dissolved in 2 ml of concentrated HNO 3 , evaporated on a sand bath, and the procedure repeated; then 10 ml of DI water and 1 ml of HNO 3 were added to the vessel which was gently heated on the sand bath to near dryness. The residue was then diluted with 100 ml of DI water in a volumetric flask.
In this and other studies discussed in this paper, Strontium chemical separations and isotopic determinations were conducted in a Class 1e10,000 clean room. Strontium separates were obtained using a Sr-specific resin (Sr resin SPS, Eichrom Technologies, Inc.). The total procedural blank for Sr was w30 pg. Strontium isotopic measurements were obtained using a Finnigan-MAT 261 thermalionization mass spectrometer in 4-collector static mode. Thirtyone measurements of the SRM-987 Sr isotopic standard yielded a mean 87 Sr/ 86 Sr value of 0.71028 AE 0.00002 (2s-mean) which is identical, within the precision of the measurement (two parts in the fifth decimal place), to the reference value of the standard (0.71028). In a subsequent paper (Benson, 2010) Sr ratios of their synthetic soils waters produced using 1-M acetic acid. The data indicated that the difference between the 87 Sr/ 86 Sr ratios of the cobs and their soil waters ranged from 0 to 4 units in the fourth decimal place (Table 2 in Benson, 2010) and supported the use of acetic acid to produce representative synthetic soil waters.
Trace-metal extractions from soils
In Benson et al. (2003) , an attempt was made, using a limited number of cob and soil samples, to determine if trace metals partitioned systematically from soil water into maize cobs. The partitioning or distribution coefficient ðK D Þ between soil water and a cob can be expressed by
in which C TMn is the concentration (mg/g) of trace metal n in the soil water or cob. In the Benson et al. (2003) study, three metal pairs (Ba/Sr, Mg/Sr, and Y/Yb) showed some promise in this respect. In Benson (2010) a more rigorous experiment was conducted in order to determine which metal pairs obeyed Equation (1). Five of 155 Native American maize landraces grown at New Mexico State University's (NMSU) Agricultural Science Center at Farmington, New Mexico, during the summer of 2005 (Adams et al., 2006) were studied. Two cobs each were picked from 10 plants of each of the five landraces. The sampled maize accessions include landraces from three Native American groups (Acoma, Hopi, and Zuni) that still occupy the study area. These landraces were chosen because they may be similar to those grown by pre-Columbian Native Americans that occupied parts of the study area between A.D. 850 and 1300. Prior to metals analysis, approximately 30 kernels each from the Hopi Blue and Zuni Blue cobs, both of the flour (endosperm) variety, were prepared in the same manner as the cobs.
Soils were collected from the bases of the five Native American maize landraces (10 plants from each of the five landraces). A 7.5-cm-diameter soil auger was used to obtain representative soil samples from both sides of maize stalks at depths centered at 35 and 70 cm. These two sample depths were chosen because they fall within the rooting depth (w1.5 m) of maize. All four soil samples were placed within a single Ziploc plastic bag and homogenized in the lab.
Metals were extracted from the soils using 1-M acetic acid and the cob samples were processed and ashed in the manner described previously. Multi-element trace-metal determinations were performed using inductively coupled plasma-mass spectrometric (ICP-MS and ICP-AES) methods. All measurements were made on aqueous sample solutions without preconcentration, using direct pneumatic nebulization with a PerkineElmer Elan 6000 instrument. ICP-MS and ICP-AES analyses were done for 51 trace metals for maize samples and 52 trace metals for synthetic soil waters.
The cobs contained 36 metals that were significantly above their detection limits; the kernels contained 24 detectable metals, and the soil waters contained 38 detectable metals. Using a program embedded in EXCEL software, all possible metal-ratio values for cobs, kernels, and soil waters were calculated. K D s for soil water:cob and soil water:kernel metal pairs were calculated, using five cob landraces and two kernel landraces. Using the criteria that the standard deviation of a metal pair K D for a particular landrace had to be 33% of its mean value (variance Fig. 6 . Strontium-isotope ratios of cobs and synthetic soil waters from which the cobs grew. Cobs were taken from Crow Canyon (CC) and Los Lunas (LL) experimental gardens.
arbitrarily selected), it was determined that four metal pairs (Ba/ Mn, Ba/Sr, Ca/Sr, and K/Rb) exhibited systematic distribution coefficients between soil waters and cobs and that four metal pairs (Ba/Rb, Ba/Sr, Mg/P, and Mn/P) exhibited systematic distribution coefficients between soil waters and kernels for all landraces studied (Table 1) .
The evolution of cob processing methods
In Benson et al. (2010) , we attempted to expand our research to include isotopic and metals analyses of burned cobs. Most archaeological cobs are at least partially burned and have lost up to 75% of their mass. Partially burned organic materials present a particular problem because they often incorporate inorganic contaminants during incomplete combustion. Burned organic materials can also act as activated charcoal, adsorbing inorganic metals during their tenure in fire pits, storage caches, or other depositional settings. In addition, unburned archaeological cobs are often coated with construction debris, dust, or soil which contains mineral particles. Sr value of the contaminant. In order to remove contaminant dust and soil from burned archaeological cobs, we chose to follow a procedure somewhat similar to that employed by palynologists to remove minerals from sediment samples prepared for pollen and charcoal analyses. The pollen cleaning procedure uses KOH to disaggregate the sediment and remove humic acids, HCl to remove carbonate minerals, and HF to remove silicate minerals (Faegri and Iverson, 1975) . Because KOH contains metal contaminants we chose not to apply it to the burned cobs.
Ten burned cobs from Salmon Ruins were selected for the first experiment. The procedure used to clean burned cobs from Salmon Ruins consisted of the following steps. About 1-cm 3 of each cob was weighed, crushed, and homogenized in an agate mortar and pestle. The crushed sample was quantitatively transferred to a 50-ml polycarbonate centrifuge tube using deionized (DI) water. About 20 ml of 10% high-purity HCl was added to the centrifuge tube and the suspension was shaken and let sit overnight. The sample was then centrifuged at 5000 rpm for 10 min. The supernatant liquid was decanted to waste. DI water was added to the centrifuge tubes and they were spun at 5000 rpm for 10 min and the rinse solution discarded. The DI rinse was repeated twice more to ensure removal of Ca. Twenty ml of 50% HF was added to the sample; the sample was then shaken and let sit for 48 h. The sample was then centrifuged at 5000 rpm for 10 min and the supernatant was decanted to waste. DI water was added to the centrifuge tube(s) which were balanced and centrifuged at 5000 rpm for 10 min and the rinse solution discarded. The DI water rinse was repeated twice more. A weighing boat was then tared and the extracted sample was transferred to the boat and air dried in a laminar flow hood. The weight of the preprocessed dried corn-cob sample was then determined and the sample was transferred to a platinum crucible and the weight of the crucible and the sample determined. The sample was then ashed in a muffle furnace by ramping the temperature of the furnace in 50 C increments every 30 min from a starting temperature of 100 C to a final temperature of 450 C at which temperature the sample was kept for 16 h. After cooling to room temperature, the sample was transferred to a small Teflon vessel to which 2.0 ml of DI water, 0.5 ml of high-purity HNO 3 , 1.5 ml of high-purity HCl, and 1.0 ml of HF were added. The solution was then evaporated to dryness on a sand bath, the residue dissolved in 2 ml of concentrated HNO 3 and the procedure repeated. Then 10 ml of DI water and 1 ml of HNO 3 were added to the vessel which was gently heated on the sand bath to near dryness. The residue was then diluted with 100 ml of DI water in a volumetric flask.
Aluminum values of the 10 cobs range from 2 to 1356 mg/g in the first experiment, indicating that some of the cobs remained contaminated with aluminosilicates after the HF treatment. Because some of the Al values were elevated, four burned Salmon Ruins cobs were processed in a second experiment. The cleaning procedure applied to the second set of Salmon Ruins cobs differed from the procedure itemized above in the number of rinses after the application of HCl (six rinses) and HF (four rinses Sr value of the soil in which it was grown.
In the third and final experiment, 10 burned cobs from Aztec Ruins, New Mexico, were processed. We adopted the hypothesis that, to this point, some silicate particles were escaping the initial HF treatment and multiple rinses and remained present when the cobs were ashed. Thus, when HF was added to the ashed cob samples, some of the residual aluminosilicate contaminants were put into solution, yielding the elevated Al values. Therefore, in the third experiment, the rate of centrifugation was increased to 10,000 rpm and we omitted HF from the group of acids added to the ashed sample(s), preventing the dissolution of residual also indicated that the burned cobs were essentially free of mineral contaminants (Fig. 8) .
Maize cob type
K D (Ba/Mn) 1 À s K D (Ba/Sr) 1 À s K D (Ca/Sr) 1 À s K D (K/Rb) 1 À s K D (Eu/Gd) 1 À s K D (Y/Yb) 1 À s
The cleaning of contaminated unburned archaeological cobs
The experiments with burned archaeological cobs created a renewed awareness of mineral contamination and the ability of Al to signal the presence of contamination of certain mineral phases. For example, Al concentrations in many of the archeologic cobs analyzed in our early studies (Table 2) g. Therefore, we decided to apply our burned cob cleaning procedure to 10 unburned cobs found in Gallo Cliff Dwelling .
The data from this experiment indicated that the 10 cleaned cobs had Al and Sr values that were approximately two orders of magnitude less than the Al and Sr values of previously analyzed Gallo Cliff Dwelling cobs Sr ratios measured on the previously analyzed Gallo Cliff Dwelling cobs, and Sr values were highly correlated with Al values in the cleaned cobs. This indicated that Sr and Al in the cleaned cobs did not, for the most part, derive from the organic matter comprising the cob; i.e., the Sr and Al in the cleaned cobs derived from residual mineral contamination, either a single mineral (or mineral colloid) or a homogeneous mixture of minerals with a fixed Sr/Al ratio. This suggestion is supported by the fact that the 87 Sr/ 86 Sr ratio of the cleaned cobs also increased with increasing Al; i.e., with increasing mineral content of the sample. It appeared therefore that the cleaning process had stripped the unburned archaeological cobs of their organically bound metals and that a small amount of Sr-containing mineral matter or mineral colloid escaped the filtration step that preceded chemical analysis.
These results suggested that the multiple-acid cleaning process could not be successfully applied to mineral-contaminated, unburned archaeological cobs. One problem in the use of metals to "source" organic materials is the fact that most metals are not tightly bound to the plant. The cob's surface is cellulose based and the parts that contact water are negatively charged (Biermann, 1996) . Maize cobs are composed of aligno-cellulosic material with a large number and array of different functional oxygen groups that have negative charge (Nassar, 2006) . Cellulose and hemicellulose make up, respectively, 50 and 26% of cobs. Cellulose is a polysaccharide (a form of carbohydrate) that makes up the plant cell wall and is composed of glucose. Acid polysaccharides have carboxyl groups. Natural cellulose contains several ionizable functional (carboxyl and hydroxyl) groups and; therefore, acts as a weak ion-exchange substrate. Crude polysaccharides in corn cobs contain two functional groups; the carboxyl group has a strong affinity for cations and the hydroxyl group has a weak affinity (Lehrfeld, 1996) . Thus, if a cob acts as an organic ion-exchange substrate, a laboratory procedure that includes rinsing or submerging a cob in DI water (or a sequence of acids) may result in metal loss to the water. In order to determine the magnitude and stoichiometry of metal loss, we submerged small (<5 mm) pieces of three freeze-dried cobs in DI water for up to 24 h. About one-third of the pieces were weighed, secured in a pre-cleaned nylon mesh bag, and put into a pre-cleaned Teflon beaker to which 250 ml of DI water was added. The stirred solution was sampled (2e20 ml samples) at intervals of 2, 5, 15, 60, and 1440 min, using a syringe with attached filter. The filtrate was transferred to a sample bottle and acidified with nitric acid. The paired samples were then combined and triplicate ICP-MS and ICP-AES analysis performed on the 40 ml samples.
A set of cob fragments, which were not subjected to the leaching experiment, were frozen, freeze dried, ashed, the ash dissolved, and the solution analyzed via ICP-MS and ICP-AES. The data resulting from this experiment was used to determine the rate of loss of trace metals from the cob over the 24-h experiment and the total loss of metals from the cob during the experiment. The data indicate that some fraction of all metals was transferred from the cob to the water .
We were particularly interested in the effect of metal loss on the ratios of four metal pairs (Ba/Mn, Ba/Sr, Ca/Sr, and K/Rb) that we have previously shown to partition systematically from the soil water to the cob (Benson et al., 2008) . We used the data obtained in the experiment to construct residual metal-pair ratios for each of the three cobs during the first hour of cob submergence (Fig. 9) . The data indicated that cob submergence for 5 min has little effect on the metal-pair ratios of interest and that Ba/Sr values are stable for at least 20 min. Thus, we concluded that a few minutes of rinsing to remove attached sediment will not substantially alter the Ba/Mn, Ba/Sr, Ca/Sr, and K/Rb metal-pair ratios. However, the sequence of steps involving the introduction of HCl and HF to dissolve contaminant mineral particles and the multiple rinses used to eliminate the acids from the sample result in the nonstoichiometric loss of metals in unburned cobs. The fact that burned archaeological cobs retain sufficient organically bound Sr for 87 Sr/ 86 Sr analysis is probably due to the fact that maize contains large amounts of starch, cellulose, and sugars, which char upon roasting to activated carbon and charcoal. These materials are coated with lignin and lipid breakdown products which are excellent scavengers for trace metals. In addition, the metal-organic bond strengths of burned cobs are much stronger than the weak ion-exchange sites that characterize unburned cobs.
Soil sampling
In our studies, we sought to sample soils in floodplain and alluvial fan settings that were thought to have agricultural potential. In general, we sought field areas that were relatively rich in plants with loamy soils and that appeared "greener" than other areas. We also sampled sites that were proximate to great house communities.
Over time we gradually increased the number soil collection sites (Fig. 1) . We initially confined our sampling to Chaco Canyon (Fig. 2) , the base of the Chuskas, and the Totah area (Benson et al., 2003) . However, as time progressed and as we obtained more archaeological cobs from the post-Chaco era, we collected soil samples from potential field systems located far from the Chaco core (Benson et al., 2006b ). In we expanded our research to include a total of 178 soil sites found within 14 Cordell et al. (2008) .
archaeological regions in the Southern Colorado Plateau region (Fig. 1) ; and in Benson (2010) , 10 soils were collected from each of three field areas (Bear Canyon, Nutria, and Pescado) within the Zuni Reservation (Fig. 10) Table 3 in Benson (2010) . Srisotope and trace metal analyses were performed on 11 surfacewater samples collected from Chaco Canyon, 12 surface-water samples collected from the perennial San Juan River system, and three surface-water samples collected from the Chuska slope (Supplementary Table 5 in Unfortunately, many of the early archaeologists that excavated in Chaco Canyon did not consider maize remains of great importance; therefore, not many cobs from Chaco Canyon great house contexts were archived. Given the status of existing collections, there will probably never be a sufficient number of archaeological cobs to clearly define where maize was grown between A.D. 860 and A.D. 1300. In addition, these cobs are invariably mineralcontaminated. The pervasiveness of this contamination was not apparent when we began our research, and initially we attempted to clean the archaeological cobs by the simple physical removal of the outer surface (cupules) of the cob and any visible contaminant.
One measure of the chemical composition of clean unburned cobs comes from our analysis of 100 Southwestern Native American cobs from five landraces grown out at NMSU's Agricultural Science Center. These cobs had Al values ranging from 1.4 to 17 mg/g with a mean value of 4.9 AE 4.4 mg/g. Sr values ranged from 0.7 to 4.0 mg/g with a mean value of 1.5 AE 0.6 mg/g and Ca values ranged from 22 to 157 mg/g with a mean value of 68 AE 36 mg/g (Benson et al., 2008) .
Of the 41 non-Navajo-age unburned archaeological cobs that we were able to obtain, 31 were from Chaco Canyon contexts and 10 were from Aztec Ruins with 16 of the Chaco cobs coming from Gallo Cliff Dwelling, a small building that was constructed and occupied after the collapse of Chaco (Benson et al., 2003 (Table 2) . None of the cob Al values and only one Ca value (Table 2 ) falls within the range of the modern Southwestern Native American cobs, suggesting that all have been the archaeological cobs have been contaminated to some degree. However, 11 of the archaeological cobs have Sr concentrations 4.2 mg/g, indicating that contaminants probably did not contribute additional Sr to these cobs (Table 2 ). It should be noted that different cob types grown in different soils may have different trace metal concentrations; for example, Al in four modern store bought cobs was found to range from 3 to 28 mg/g (H.E. Taylor, unpublished data).
One of the lessons learned from our studies of burned cobs was that the greater the degree of contamination (in some cases signaled by the concentration of Al), the greater the 87 Sr ratios. In addition, nine of 10 burned Aztec cobs, subjected to our cleaning procedure Sr cob:soil-water comparison, we split our cobs into three age categories: undated cobs from Aztec Ruins that are thought to have been grown after A.D. 1100 (the time of initial construction of Aztec Ruins complex) (Brown et al., 2008) ; cobs from Chaco Canyon that predate A.D. 1130 (before the collapse of Chaco); and cobs from Chaco Canyon that postdate A.D. 1130 (after the collapse of Chaco) ( Table 2 ). In addition, we split each of the cob age categories into two Sr concentration groups: 17 cobs with Sr values 5.5 mg/g and 12 cobs with Sr values ranging from 6.8 to 12 mg/g. One of the reasons we studied cobs from Aztec Ruins was because we thought it highly probable that the archaeological cobs had been grown on the alluvial fan on which the Aztec complex is situated and/or along the nearby Animas River floodplain. Therefore, the expectation was that the (Fig. 1) . The Totah area encompasses soil sites near Salmon Ruins, Aztec Ruins, and along the Animas and La Plata Rivers (Fig. 1) Table 5 in (Fig. 13) . The latter two sites can be rejected because they were unpopulated at this time (Fowler and Stein, 1992 Sr soil data from the area in and near the Totah region as well as part of the Zuni region to which people from Chaco migrated during the early A.D. 1100s.
5. Problems with the application of trace-metal ratios to source archaeological cobs As discussed above, Benson (2010) and Benson et al. (2010) demonstrated that any mineral-contaminant cleaning procedure which employed immersing a cob in an aqueous solution for more than a few minutes resulted in the wholesale leaching of metals from the cobs. In addition, found that most cobs whose cupules and other surficial materials had been physically removed remained contaminated with some mineral matter. For example, the calculation of cob Ba/Mn ratios from synthetic soil-water ratios, using Equation (1), resulted in cob-derived soilwater Ba/Mn values of 7.0 AE 3.6 that were completely outside the range of the measured synthetic soil-water Ba/Mn ratios (0.53 AE 0.47).
Both Ba and Mn are highly correlated with Al, especially Ba ( Fig. 14a and b) , also indicating that they reflect the presence of an Al-bearing mineral contaminant. The Sr values of cobs were also highly correlated with their Ca values, suggesting the presence of either a calcite (CaCO 3 ) or a gypsum (CaSO 4 ) (Fig. 14c) contaminant. These relations, therefore, obviate the application of Ba/Sr, Ba/Mn, and Ca/Sr trace-metal distribution coefficients for the sourcing of archaeological cobs listed in Table 2 . showed that K and Rb in the cobs listed in Table 2 were not correlated with Al when its concentration was <250 mg/g. Therefore, they argued that the K/Rb trace-metal pair could be used to source cobs when cob Al values <250 mg/g. However, if one plots Rb versus K, these metals are well correlated
for Rb values <4 mg/g (Fig. 14d) , indicating the presence of a mineral contaminant such as a K-mica. Therefore, we also reject the application of the K/Rb metal pair in the sourcing of cobs listed in Table 2 . K and Rb values of cobs can be found in Supplementary Tables 3 and  4 of Pb) to the sourcing of archaeological cobs in the same manner that Sr isotopes were applied. It was thought that the Pb-isotope content of soils from the various archaeological regions might differ to the extent that their Pb-isotope values might provide a further means of distinguishing maize source areas.
In Table 3 are listed Pb and Pb-isotope values for cobs and synthetic soil waters from the Totah and Chaco Canyon/Chuska Slope areas. One problem, indicated by cob Pb values, is that a single cob does not generally contain sufficient Pb for an isotopic analysis. In addition, clean modern Southwestern Native American cobs contain much less Pb (0.012 AE 0.008 mg/g with a range of 0.003e0.023 mg/g) than the archaeological cobs (Supplementary Table 1 in Benson et al., 2008) . Obviously, most of the cobs listed in Table 3 are Pb contaminated. That uncontaminated cobs contain little Pb is not surprising given that heavy metals are generally rejected by plants (see, for example, Brennan and Shelley, 1999) .
The Pb-isotope ratios of the synthetic soil waters, cobs, and one Animas River sample have been plotted in Fig. 15 (Fig. 15b) . In addition, the Pb-isotope ratios of the five cobs bear little relation to the Pb-isotope ratios of the soil waters, indicating that Pb contamination of the archaeological cobs greatly affected their Pbisotope ratios (Fig. 15 ).
Field sampling strategies
In Benson et al. (2003) , soil sampling was done at multiple (2e3) depths within the rooting zone of maize (w1.5 m). It was found that the 87 Sr/ 86 Sr ratios of the synthetic soil waters produced from these samples did not vary substantially (<2 digits in the fourth decimal place) with depth ( Fig. 16 ). Therefore, in subsequent studies, prior to the Zuni study, only one soil sample was collected from each site (Benson, 2010 
Lessons learned
What have we learned from our attempts to use heavy-metal isotopes and trace-metal ratios to source archaeological cobs?
1. First and foremost, the acquisition of clean cobs is paramount. Unfortunately, the contexts from which archaeological cobs are recovered usually permit contamination via construction rubble (for example stone and plaster) within which the cobs have persisted for the past millennium or so. In order to locate and remove contaminants from archaeological cobs, the following set of procedures is recommended. The outer surface of the cobs, including the cupules, should be removed with a titanium or ceramic knife. Next, the cob should be rinsed under a high-pressure jet of deionized water to remove contaminants that remain on the cob surface. The cob should then be immersed in a 10% high-purity HCl solution and ultrasonicated for 5e10 min. The cob should next be rinsed in DI water to remove residual acid and freeze dried. After drying, the cob should be cut in <1-cm-size pieces and the pieces examined under an environmental scanning electron microscope (ESEM) equipped with an energy dispersive X-ray (EDX) detector for chemical analysis and X-ray mapping. Elements with atomic numbers >10 can be mapped; for example, one can scan for common rock-forming metals such as Na, Ca, Mg, Al, Si, Fe as well as Sr, Pb, and Mn. If contaminant-free pieces of cobs are documented, they can be subjected to isotopic and metals analysis after ashing, etc. Slightly contaminated pieces of cobs can be subjected to additional ultrasonification or highpressure rinsing steps. To ensure that the trace elements in the cobs are not being leached during their exposure to liquids, modern clean cobs should be subjected to the same procedures and their metal chemistry determined after each immersion or rinsing. The chemical evolution of the modern cobs over time should then be compared with their initial chemical composition to determine if metals are being lost and whether the loss is congruent or incongruent. 2. Given the relative "stickiness" of cation sites in burned cobs, the multi-acid cleaning procedure discussed above can be applied to such cobs; however, metals leach incongruently during this procedure, obviating the application of the tracemetal distribution coefficient approach. 3. If only 87 Sr/ 86 Sr is to be used to determine the location of potential agricultural field systems, it probably is best to combine several depth-integrated samples collected from individual fields. In addition, it may be more efficient to combine vegetation samples from a relatively large area. For example, it would be much quicker to combine and process 20 rabbitbrush (Chrysothamnus nauseosus) samples from a 10-acre area than it would be to integrate and process 20 50-cm-deep soil samples. 4. It should not be assumed that biologically labile Sr contained in soil water has its origin in the underlying bedrock. Sr ratios of surface-water samples to maize sourcing is limited to those situations in which the Sr concentration of the surface-water contribution to the Sr concentration of soil water is substantial. Such a situation may occur within fields occupying floodplains whose sediments contain little leachable Sr. 7. Sr isotopes can be applied to other organic materials, including burned structural materials common to abandoned archaeological structures found in the American Southwest; e.g., Sr isotopes have previously been used to source willow and tule textiles created by prehistoric Native Americans (Benson et al., 2006a) Toll, 1991; English et al., 2001) suggests that the Chaco Corridor may have been the region over which the elites in Chaco Canyon exhibited the greatest amount of socio-political control/cooperation prior to A.D. 1130. In some sense, the Rio Chaco from the Great Bend to Chaco Canyon may have acted as the principal supply route for timber, pottery, maize, and other materials that were exported to Chaco.
